Abstract Epirubicin (EPI) is widely used for triple negative breast cancer (TNBC), but a substantial number of patients develop EPI resistance that is associated with poor outcome. The underlying mechanism for EPI resistance remains poorly understood. We have developed and characterized an EPI-resistant (EPI-R) cell line from parental MDA-MB-231 cells. These EPI-R cells reached stable growth in the medium containing 8 lg/ml of EPI. They overexpressed P-glycoprotein (P-gp) and contained numerous autophagic vacuoles. The suppression of P-gp overexpression and/or autophagy restored the sensitivity of these EPI-R cells to EPI. We further show that autophagy conferred resistance to EPI on MDA cells by blocking the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-jB)-mediated pro-apoptotic signals. Together, these results reveal a synergistic role of P-gp, autophagy, and NF-jB pathways in the development of EPI resistance in TNBC cells. They also suggest that blocking the P-gp overexpression and autophagy may be an effective means of reducing EPI resistance. 
Introduction
Cells from triple negative breast cancer (TNBC) are deficient in the expression of the estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2) [1] . TNBC is associated with a high rate of metastasis, a low response to chemotherapy and poor clinical outcome [2] . Anthracyclines are the main therapeutic drugs for TNBC, but 30-40 % of patients respond poorly [3] . Among the anthracyclines, epirubicin (EPI) is the most effective against TNBC, but acquired resistance has been reported and significantly limited its therapeutic efficacy in treating TNBC [4] . Resistance to anthracycline drugs has been reported to be caused by: (1) enhanced drug discharge from cancer cells that is mediated by ATP-binding cassette (ABC) transporters, including P-glycoprotein (P-gp), multidrug resistance-associated protein 1 (MRP1) and breast cancer resistance protein (BCRP) [5] ; (2) an amplified process of intracellular ''detoxification'' through the glutathione transferase (GST) system [6] ; (3) TOPO II-mediated changes in gene transcription and translation [7] ; (4) changes in the DNA-repair activity [8] ; and/or (5) changes in the sensitivity to apoptosis [9] . However, whether these factors are involved in the resistance to all anthracycline drugs or are manifested in a drug-specific fashion remains poorly defined.
To study the EPI resistance of TNBC cells in vitro, we established a new TNBC MDA-MB-231 cell line that is resistant to EPI (EPI-R). The EPI-resistant cells were found to express a high level of P-glycoprotein (P-gp), an ATPbinding cassette (ABC) transporter that is extensively involved in the chemotherapeutic resistance manifested by many types of cancers, including breast cancer [10] . However, the suppression of P-gp expression failed to completely recover the EPI sensitivity of EPI-R cells. Transmission electron microscopy further identified a substantial increase in the number of autophagic vacuoles in these EPI-R cells. These novel findings suggest that P-gp overexpression contributes to EPI resistance, but is not sufficient alone and that autophagy is involved in the development of EPI resistance.
Previous studies have shown that chemotherapy induces autophagy in cancer cells [11] . Laboratory and clinical evidence also suggests that autophagy regulates the response of cancer cells to chemotherapy [12] . For example, autophagy is found to be responsible for the resistance of breast cancer cells to tamoxifen [13] and Herceptin [14] . While a relationship between chemotherapy efficacy and autophagy has been experimentally examined, previous studies have often been conducted on cancer cells that are not resistant to chemotherapeutic drugs [15] or are ER, PR, and HER2-positive [16] . A specific role of autophagy in drug resistance cannot be examined in more clinically relevant triple negative breast cancer cells.
Autophagy refers to an intracellular process of the lysosome-dependent metabolic degradation of aberrant proteins and disrupted organelles that are contained in a characteristic double membrane vesicle called autophagosome. Upon membrane fusion, these autophagosome vesicles deliver their content to lysosomes for enzymatic degradation. Autophagy is critical for the self-renewal and survival of cells in response to environmental stress [17, 18] . The formation of autophagosomes is initiated by Beclin 1 and its binding partner class III phosphoinositide 3-kinase. Beclin 1 also interacts with anti-apoptotic BCL2 family proteins [19] , suggesting a convergence between the autophagy and apoptosis pathways in the development of resistance to chemotherapeutic drugs.
A key factor in initiating and propagating apoptosis is the transcription factor NF-jB, which is typically associated with members of the Rel family such as P50, P65 (RelA), c-Rel, P52 and RelB. The activation of NF-jB is commonly identified by the phosphorylation of the P65/ P50 heterodimer. NF-jB activated by chemotherapeutic drugs [20] plays a regulatory role in the overall resistance to these drugs [21] . However, relative contributions of autophagy and apoptosis to EPI resistance have not been determined. In light of published reports and our own experimental findings obtained from testing EPI-R cells, we hypothesized that (1) EPI at long exposure and/or high doses induces autophagy, rendering triple negative breast cancer cells resistant to EPI; (2) this EPI-induced autophagy persists after EPI withdrawal, becoming an intrinsic phenotype of EPI resistance and (3) autophagy-mediated drug resistance involves the NF-jB apoptosis pathway. We have tested these hypotheses using the EPI-R cell line that we have recently established as an in vitro model system. The findings shed new lights on the underlying mechanism for EPI resistance in TNBC cells and a role of autophagy in the process.
Materials and methods

Cells
Triple positive MCF-7 and triple negative MDA-MB-231 (MDA) breast cancer cells were purchased from the Chinese Academy of Sciences (Shanghai, China). These cells were respectively cultured in RPMI-1640 and DMEM media supplemented with 10 % fetal bovine serum (FBS), and maintained at 37°C with 5 % CO 2 and 95 % air for all of the experiments described herein.
Antibodies
We purchased rabbit anti-human microtubule-associated protein 1 light chain 3 beta polyclonal antibody (MAPLC3b, L8918) from Sigma-Aldrich (St. Louis, MO, USA); mouse monoclonal anti-human P-gp antibody (MRK 16) from the Kamiya Biomedical Company (Seattle, WA, USA); rabbit polyclonal anti-human MRP1 (BA0567) and rabbit polyclonal anti-rabbit b-actin (BA2301) antibodies from the Boster Bio-Engineering Limited Company (Wuhan, Hubei, China); mouse monoclonal anti-human Beclin 1 (YM0060), rabbit polyclonal anti-human BAX (YT0459), rabbit polyclonal anti-human BCL2 (YT0469), rabbit polyclonal antihuman cleaved-caspase 3 (D175, YC004), rabbit polyclonal anti-human phospho-NF-jB-P65 (S536, YP0191), rabbit polyclonal anti-human P-gp (YT3692) and rabbit polyclonal anti-human BCRP (YT0053) antibodies from ImmunoWay (Newark, DE, USA).
Other reagents EPI (H20041211), adriamycin (ADM, H20041318), and taxol (H20059377) were purchased from the Zhejiang Hisun Pharmaceutical Co., Ltd (Taizhou, Zhejiang, China). Etoposide (H37023183) and cisplatin (H37021358) were obtained from the Qilu Pharmaceutical Co., Ltd (Jinan, Shandong, China). The autophagy inhibitor chloroquine (CQ, B1793), the fluorescent dye monodansylcadaverine (MDC, 30432), Verapamil hydrochloride (V4629), ammonium pyrrolidinedithiocarbamate (PDTC, P8765) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT, M2128) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Rhodamine 123 (Rh 123, R8004) was purchased from BioSharp (Hefei, Anhui, China).
Cell viability assay
Cells were seeded at a density of 8 9 10 3 cells/well in a 96-well flat-bottom plate overnight at 37°C. These cells were then cultured for various times in the medium that contained a testing agent at 37°C. Cell viability was measured at OD490 nm using the MTT assay. EPI was tested at 0.25, 0.5, 1, 2, 4, 8, 16 and 32 lg/ml. Taxol (1, 2.5, 5, 7.5, 10, 15, 25 and 50 lg/ml), etoposide (1, 10, 100, and 1000 lg/ml), and cisplatin (1, 10, 100, and 1000 lg/ ml) were also tested. For the assay, the IC 50 was defined as the concentration of EPI that inhibits 50 % of cell proliferation.
Cell growth assay
Two assays were used to cross-validate the results. The first was a daily count in duplicate plates of the cells, which had initially been seeded at a density of 5 9 10 4 in DMEM medium containing 10 % FBS. The second was the MTT assay, in which cells were seeded at 500 cells/well in 96-well flat-bottom plate and the optical density of the cells was measured at OD490 nm daily for 7 days.
Transmission electron microscopy (TEM)
Cells were fixed in 2.5 % glutaraldehyde for 1 h and then exposed to 2.5 % osmic acid for 1 h. The gel-embedded cells were dehydrated using gradient ethanol solutions and infiltrated with propylene oxide. After being embedded in epoxy resin, cells were thin-sectioned, stained with uranyl acetate and lead citrate, and viewed under transmission electron microscopy (JEM-1230, JEOL, Japan).
Flow cytometry
This technique was used for four assays. The first was to analyze cell cycle distribution as previously reported [22] . Briefly, cells were fixed in 70 % ice-cold ethanol for 24 h, washed twice with ice-cold PBS and then treated with RNase A (20 lg/ml) for 30 min at 37°C. The treated cells were incubated with propidium iodide (PI, final concentration: 10 mg/ml) in dark for 30 min at room temperature and then analyzed for DNA ploidy on a flow cytometer (FACSVerse, BD, New Jersey, US). The second experiment measured the expression of P-gp on the cell surface. Briefly, cells were washed and resuspended in PBS at a density of 10 6 cells/ml. They were incubated with a mouse monoclonal anti-human P-gp antibody for 20 min at room temperature. Following washes with PBS, they were resuspended in 0.3 ml of PBS and incubated with a PE-conjugated goat anti-mouse IgG2a for 20 min at room temperature. The stained cells were analyzed and data presented as the geometrical mean fluorescence. The third flow cytometry-based technique detected drug accumulation and efflux from cells that were treated with the fluorescent dyes ADM [23] or Rh123 [24] . Once inside a cell, ADM emits fluorescence with signal intensity proportional to the amount of intracellular ADM. Rh 123 is a cationic fluorescent dye that is absorbed by mitochondria. Since both dyes are specifically removed from cells by P-gp, their efflux can be used as a marker of P-gp activity. For dye accumulation, cells were incubated for 30 min at 37°C with either 30 lg/ml of ADM or 15 lg/ml of Rh 123, washed with ice-cold PBS and analyzed immediately for the accumulation of intracellular fluorescence. For dye efflux, ADM-or Rh123-labeled cells were incubated for an additional 60 min at 37°C in the dark with dye-free PBS, washed twice with ice-cold PBS and examined for residual intracellular fluorescence. The fourth experiment measured cell apoptosis using a Dead Cell apoptosis kit (Invitrogen, Grand Island, NY, USA) according the manufacturer's instructions. Briefly, cells (10 6 cells/ ml) were incubated with 5 ll Alexa Fluor Ò 488-conjugated annexin V and 0.1 lg of PI at room temperature for 15 min. After dilution with 19 annexin-binding buffer, the cells were analyzed for annexin V binding by flow cytometry.
Short hairpin RNA (shRNA) interference
Four short hairpin oligonucleotides derived from the human MDR1 gene (sh-MDR1-1: GAACACATTGGAAG GAAAT, sh-MDR1-2: ACAGAATAGTAACTTGTTT, sh-MDR1-3: TCATCGTTTGTCTACAGTT, sh-MDR1-4: TG CTTTCCTGCTGATCTAT) and four from the human BECN1 gene (sh-BECN1-1: CAAGTTCATGCTGAC GAAT, sh-BECN1-2: GACTTGTTCCTTACGGAAA, sh-BECN1-3: CGTGGAATGGAATGAGATT, sh-BECN1-4: CAGGATGATGTCCACAGAA) were synthesized by GeneChem Co., Ltd. (Shanghai, China), individually cloned into the mammalian vector GV118, and transiently transfected into EPI-R and the parental MDA cells using Lipofectamine TM 2000 (Invitrogen, Grand Island, NY, USA) as the oligonucleotide carrier. The expression of the MDR1 and BECN1 gene products P-gp and Beclin 1, respectively, were evaluated 48 h after transfection by western blot.
MDC staining
Cells were treated with testing agents for various periods of time and then incubated for 1 h at 37°C with 0.1 mM MDC, which is a marker for autophagic vacuoles. These cells were then fixed in 4 % paraformaldehyde for 10 min and viewed under an upright fluorescence microscope (Nikon, Japan). MDC fluorescence was quantified by threshold fluorescence intensity by Image-Pro Plus 6.0 software.
Immunoblots
Cells were seeded in 25-cm 2 tissue culture flasks and allowed to achieve *80 % confluence. After being treated with a testing agent for indicated times, the cells were detached and lysed in 1 9 PBS (pH 7.6) containing 1 % NP-40, 0.1 % sodium dodecyl sulfate (SDS), 0.5 % sodium deoxycholate and a protease inhibitor cocktail (SigmaAldrich). Cell lysates were separated by 12 or 15 % SDSpolyacrylamide gel electrophoresis (SDS-PAGE) and electro-transferred to polyvinylidene fluoride (PVDF) membrane. For immunoblots, the membrane was blocked by 5 % nonfat dry milk in Tris-buffered saline-Tween 20 (TBST, pH 7.6) for 1 h at room temperature followed by an overnight incubation at 4°C with a primary antibody diluted in TBST. After washing it three times with TBST to remove unbound antibody, the membrane was incubated with a fluorescently-labeled secondary antibody (1:5000 dilution, Licor) for 1 h at room temperature. The proteinantibody complexes were visualized using the Odyssey detection system (Licor Biosciences, Nebraska, US). The amount of proteins probed by immunoblots was estimated by densitometry using the integrated optical density analysis tool provided by the Image Pro Plus 6.0 software.
Quantitative real-time PCR (qRT-PCR) and reverse transcription PCR (RT-PCR)
Total RNA was isolated from cells using a commercial RNA extraction kit (TaKaRa Biotechnology, Dalian, Liaoning, China) and reverse-transcribed using M-MLV reverse transcriptase (Takara Biotechnology) according to the manufacturer's instructions. The reverse-transcribed cDNA (1 lg/ml) was used as the template for subsequent quantitativse and semi-quantitative PCR reactions with the primers listed in Table 1 .
qRT-PCR for MDR1 and BCL2 mRNA was performed using the SYBR Premix Ex Taq II TM kit (Takara Biotechnology). Relative quantifications (RQ) of MDR1 and BCL2 mRNA were made using a comparative CT method (RQ = 2 ÀDDCT ) and normalized to the level of bactin mRNA. In addition, reverse-transcribed DNA from MDR1 and BECN1 mRNA was amplified using the GoTap Green Master Mix (Promega Co. Ltd., Beijing, China) and separated by 1.5 % agarose gel electrophoresis. DNA bands were visualized under UV light and quantified by Image Pro Plus 6.0 software using the integrated optical density analysis tool.
Statistical analysis
Data were analyzed using SPSS 20.0 (SPSS, Inc.). Quantitative results are expressed as the mean ± SE. Statistical comparisons of the mean were performed using the analysis of variance (ANOVA) or t test as specified in each data set. The IC 50 was determined by the probit regression analysis model in SPSS 20.0. A p value of \0.05 was considered statistically significant. All microscopic images and data from immunoblots are representative of three or more separate experiments, and quantified by immunofluorescence intensity of labeled cells and the densitometry of specific protein bands, respectively, using graphic tools provided in Image Pro Plus 6.0 software package.
Results
Establishment of an EPI-resistant (EPI-R) cell line
To establish an EPI-resistant cell line, we first tested the EPI sensitivity of cells from the common breast cancer lines MCF-7 and MDA. 1 Table 1 ) and also allowed for specifically examining the response of triple negative cells to the chemotherapeutic drugs to be tested in the study. MDA cells were, therefore, selected as the parental cell line to establish an EPI-resistant cell line.
We modified a protocol reported by Liang et al. [25] to select cells for EPI resistance. Briefly, MDA cells were cultured in the DMEM medium containing increasing concentrations of EPI (0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 6 or 8 lg/ml). At each EPI dosing, cells were exposed to EPI for 24 h followed by 6 weeks in EPI-free medium, until they reached stable growth in the medium containing 8 lg/ ml of EPI for 13 months. The EPI-R cells were then maintained in the medium containing 4 lg/ml of EPI. All experiments reported here were conducted in EPI-R cells that had been cultured in EPI-free medium for 2 months.
EPI-R cells were found to be more viable at all doses of EPI, as measured by the MTT assay (Fig. 1a) , reaching an IC 50 that was 55 fold higher than the parental MDA cells ( Table 2 ). The resistance index (RI) did not change after EPI-R cells were grown in the EPI-free medium for 2 months or when they were subjected to repeated cycles of freezing and thawing (Fig. 1b) , suggesting that the EPI-R cells are stably resistance to EPI. In addition to EPI, EPI-R cells also exhibited resistance to taxol, etoposide and cisplatin (Fig. 1c-e) , but with IC50s that were lower than EPI (Table 2) .
EPI-R cells grew in an EPI-free medium at a slightly slower rate than the parental cells, as measured by cell numbers (Fig. 1f) and the MTT assay (Fig. S1 ), and were found more in the G0/G1 phase (Table 3 ; Fig. S2 ). Morphologically, EPI-R cells were predominantly spindle-like (Fig. 1g) , with a higher nucleus to cytoplasm ratio than their parental MDA cells (Fig. 1h) . TEM shows that EPI-R cells formed extensive microvilli on their surface (Fig. 1i) and had more cytoplasmic organelles (data not shown). Most importantly, the EPI-R cells contained a large number of autophagosome-like vacuoles in their cytoplasm (Fig. 1i) . Together, these data suggest that EPI-R cells are highly tolerant to EPI, are developmentally more immature, and have distinct morphologies. A key characteristic of these EPI-R cells was the enhanced capacity for autophagy. 
Impact of high P-gp expression on EPI resistance
This newly established EPI-resistant cell line afforded us a unique opportunity of studying the underlying mechanism of EPI resistance. Our initial focus was on ABC transporters, which are known to be closely involved in the EPI resistance of breast cancer cells. We measured the level as well as the function of ABC transporters in EPI-R and the parental MDA cells by examining rates of the ABC transporter-dependent efflux of fluorescent dyes ADM and Rh 123. There was no difference in the rate of dye accumulation between the EPI-R and the parental cells (Fig. 2a) . However, the efflux of both dyes (indicative of ABC transporter activity) was significantly increased in EPI-R cells. Approximately 70.2 % of ADM and 89.9 % of Rh 123 was discharged from EPI-R cells after a 60-min incubation with dye-free PBS, whereas only minimal dye efflux was observed for the parental MDA cells during the same time period (Fig. 2b) . The multidrug transporter inhibitor Verapamil reversed the accelerated dye exclusion in EPI-R cells to a level similar to that of the parental MDA cells (Fig. 2b) . These dye accumulation and efflux profiles strongly indicate that EPI-resistant cells have an enhanced ABC transporter activity, a conclusion that was cross-validated by two different classes of dyes: ADM and Rh123. Consistent with this increased rate of dye efflux, we detected substantially increased expressions of the ABC transporters P-gp, MRP1 and BCRP in MDA cells tolerized with increasing concentrations of EPI (Fig. 2c) . The mRNA level of MDR1, which encodes for P-gp [26] was 53.7-fold higher in EPI-R cells compared to the parental MDA cells (Fig. 2d) . Furthermore, the overexpression of P-gp was found in 54.2-56 % of the EPI-R cells, as compared to 0.5-0.57 % of the MDA cells (Fig. 2e) . To further investigate the impact of the P-gp overexpression on EPI resistance, we suppressed P-gp expression using sh-MDR1 oligonucleotides. Among the four probes synthesized and transfected, sh-MDR1-3 drastically reduced the level of both MDR1 mRNA (Fig. 2f) and P-gp protein (Fig. 2g) to levels similar to those of the parental MDA cells. More importantly, EPI-R cells transfected with sh-MDR1-3 had an increased sensitivity to EPI compared to EPI-R cells that were either untransfected or transfected with a scramble oligonucleotide (Fig. 2h) . However, the IC 50 for EPI remained significantly higher for EPI-R cells transfected with sh-MDR1-3 than that of the parental MDA cells (4.39 vs. 0.22 lg/ml, paired t test, p \ 0.001), suggesting that EPI sensitivity was only partially recovered by suppressing P-gp expression.
Enhanced autophagy in EPI-R cells
As shown in Fig. 1i , there were a large number of autophagosome-like vacuoles in EPI-R cells. These vacuoles persisted in high numbers for a prolonged period of time after EPI was removed from the medium, suggesting that (1) EPI-induced autophagy renders the cells resistant to EPI and (2) the EPI-induced autophagy becomes an intrinsic structural feature of EPI-R cells. To test these hypotheses, we measured the presence/levels of the LC3-II complex, a marker for autophagic flux, in parental MDA and EPI-R cells. The microtubule-associated proteins 1A/ 1B, as well as the light chains 3A/LC3A and 3B/LC3B (collectively referred to as LC-3) are ubiquitin-like proteins that are involved in the synthesis of pro-LC3, which is cleaved by Atg4 to generate cytosolic LC3-I. During autophagosome formation, LC3-I is converted to LC3-II by forming a covalent complex with the membrane-bound phosphatidylethanolamine. LC3-II located on the surface of autophagosomes is widely used as a reliable marker for monitoring autophagy [27] .
We detected an increased level of LC3-II in EPI-R cells that were either newly established or cultured in an EPIfree medium for 2 months (Fig. 3a) . Consistent with this result, MDC labeling was enhanced in EPI-R cells (Fig. 3b,  top panel) . and reduced by the sh-MDR1-3-mediated suppression of MDR1 transcription. These EPI-R cells also expressed higher levels of BECN1 mRNA (Fig. 3c) and its encoded protein, Beclin 1 (Fig. 3d) , which is critical for autophagy formation. When four short hairpin oligonucleotides for BECN1 (sh-BECN1-1 to 4) were individually transfected into the EPI-R cells, sh-BECN1-1 and 2 were found to be most active in suppressing BECN1 mRNA (Fig. S3) and Beclin 1 protein (Fig. S4 ) in EPI-R cells. More importantly, Beclin 1 expression was suppressed in EPI-R cells transfected with the sh-MDR1-3 oligonucleotide (Fig. 3b bottom panel, e) , which suppressed P-gp expression (Fig. 2f, g ) and sensitized EPI-R cells to EPI (Fig. 2f-h ). In contrast, P-gp expression was not affected in EPI-R cells transfected with sh-BECN1-1 (Fig. 3f) , which inhibited autophagy. Together, these data demonstrated an interaction between ABC transporter and autophagy in inducing EPI resistance. In this interaction, Beclin 1 acts downstream of P-gp, suggesting an active role of P-gp in enhancing autophagy in EPI-R cells. To address the question of whether increase in autophagy confers EPI resistance, we blocked autophagy in EPI-R cells by suppressing Beclin 1 expression or by the autophagy inhibitor CQ. EPI-R cells transfected with sh-BECN1-1 or treated with 40 lM CQ had a low expression of the autophagy marker MDC (Fig. 4a) . CQ also significantly increased the level of LC3-II (Fig. 4b) , primarily by blocking LC-3 flux [28] . Moreover, EPI-R cells transfected with sh-BECN1-1 or treated with 40 lM CQ became sensitized to high doses of EPI (Fig. 4c, d ). This reversal of EPI resistance was greater in EPI-R cells transfected with sh-MDR1-3 and treated with CQ, as compared to either sh-MDR1-3 transfection or CQ treatment alone (Fig. 4e) . This concentration of CQ was used in a 12-h incubation time to minimize its cytotoxic effects (Fig. S5) , while maintained its activity in blocking autophagy. The data presented in Fig. 4 collectively suggest that suppressing autophagy partially restored the sensitivity of EPI-R cells to EPI.
Interaction between autophagy and the NF-jB pathway
In addition to P-gp overexpression and enhanced autophagy, we also detected an elevated level of BCL2 mRNA in EPI-R cells (Fig. S6) , indicating a reduction in apoptosis. We thus conducted several experiments to specifically investigate a potential cross-talk between autophagy and apoptosis, with a specific focus on how autophagy influences EPI-induced apoptosis. First, we found that MDC labeling (a marker for autophagy) was significantly enhanced in EPI-R cells treated with 4 lg/ml of EPI for 24 h (Fig. S7 ), indicating that EPI is able to induce further autophagy in EPI-R cells. Second, EPI-R cells that exhibited a high level of LC3-II (indicative of an increase in autophagic flux) also had a reduced level of cleaved-caspase 3 (Fig. S8) . Third, suppressing autophagy in EPI-R cells by either sh-BECN1-1 (Fig. 5a ) or 40 lM CQ (Fig. 5b) increased the cleavage of caspase 3 as well as the BAX-to-BCL2 ratio, two well-established markers for apoptosis. Fourth, the observed increases in caspase 3 cleavage and the BAX-to-BCL2 ratio induced by sh-BECN1 or CQ were reversed by the NF-jB inhibitor PDTC (Fig. 5a, b) . The rate of apoptosis in EPI-R cells treated with CQ was also higher than EPI-R cells and this increase was reversed by PDTC (Fig. 6a) . Fifth, the phosphorylation of P65, a key component of the transcription factor NF-jB complex was significantly reduced in EPI-R cells (Fig. 5a,  b) . This reduction was reversed in EPI-R cells that were transfected with sh-BECN1-1 (Fig. 5a ) or treated with 40 lM CQ (Fig. 5b) . PDTC eliminated the effect of sh-BECN1-1 transfection or CQ treatment (Fig. 5a, b) . Finally, PDTC partially reversed the CQ-or sh-BECN1-1-induced sensitization of EPI-R cells to high doses of EPI (Fig. 6b, c) . Together, these data indicate that a dynamic balance between autophagy and apoptosis is critical for regulating EPI resistance and that autophagy down-regulates the NF-jB pathway to inhibit EPI-induced apoptosis.
Discussion
Acquired resistance has significantly limited the therapeutic efficacy of EPI to treat TNBC [4] . In an effort to investigate the underlying mechanism of EPI resistance specifically in triple negative breast cancer, we established and characterized an EPI-resistant cell line developed from the parental MDA cells (Fig. 1) . These EPI-resistant cells are similar to those reported by Negoro et al. [29] and Zhang et al. [30] . During the preparation of this manuscript, Chittaranjan et al. [31] reported the establishment and characterization of an EPI-resistant MDA-MB-231 cell line that is similar to the EPI-R cell line reported here. Our study supports the basic findings made by Chittaranjan et al., but also investigated interactions among autophagy, ABC transporters, and apoptosis that results in EPI resistance.
In addition to EPI resistance, we also show that these EPI-R cells are resistant to taxol, etoposide and cisplatin, Fig. 7 A schematic summary of the findings in the study: The results suggest that P-gp overexpression not only increases EPI efflux, but also increases Beclin 1 expression and induces autophagy in EPI-R cells. The enhanced autophagy inactivates the NF-jB pathway through multiple targets to reduce apoptosis. This P-gp-autophagy-NF-jB pathway of inducing EPI resistance is defined by red arrows (as compared to effect of EPI on genomic DNA defined by black arrows). Key questions to this model are: (1) albeit at lower activities, indicating that they are multidrugresistant. This finding is particularly important because these chemotherapeutic drugs inhibit cancer cells through different mechanisms: taxol disrupts microtubules during cell division; etoposide is a topoisomerase inhibitor and cisplatin crosslinks DNA to induce apoptosis, suggesting that P-gp and autophagy are common pathways in the development of drug resistance. We demonstrated that an overexpression of P-gp, a crucial drug efflux transporter that is involved in MDR [32] , is partially responsible for EPI resistance in TNBC cells (Fig. 2) . The overexpression of P-gp makes EPI-R cells to undergo cell cycles different from their parental MDA cells. This cell cycle change may alter expressions and functions of checkpoint proteins. This notion is consistent with P-gp expression being cell cycle dependent in cells that are multidrug resistant [33] . This conclusion is supported by a previous report that P-gp binds EPI and other anthracyclines (e.g. doxorubicin and daunorubicin) to help actively transport these hydrophobic drugs out of cancer cells to reduce their intracellular concentrations [34] . A key finding of this study is that the suppression of P-gp overexpression did not fully restore the sensitivity of EPI-R cells to EPI, suggesting that other molecules and/or pathways are involved in the development of EPI resistance. One of these pathways is autophagy.
EPI-R cells were found to contain considerably more autophagic vacuoles and expressed higher levels of autophagy-associated molecules (e.g. LC-3II and Beclin 1, Fig. 3 ) compared to their parental cells. More importantly, blocking autophagy by either down-regulating an autophagy-associated gene or by a specific inhibitor (Fig. 4) sensitized EPI-R cells to EPI. These findings are consistent with an earlier study, where the sh-BECN1-mediated inhibition of autophagy was shown to enhance the sensitivity of tumor cells to tamoxifen [13] . We further show that autophagy was decreased when P-gp was down-regulated (Fig. 3) , and that EPI-R cells transfected with sh-MDR1-3 to block P-gp were also treated with CQ to block autophagy, they were more sensitized to EPI than either sh-MDR1-3 transfection or CQ treatment alone (Fig. 4) . These results suggest that P-gp overexpression induces autophagy, but the two pathways also act independently in making MDA cells resistant to EPI. Consistent with our observation, P-gp has previously been shown to mediate autophagy and cell-cycle arrest induced by celecoxib in human MDR overexpressing hepatocellular carcinoma cells by the down-regulation of the HGF/MET autocrine loop [35] .
As a process of lysosome-dependent metabolic degradation of cellular waste, autophagy is expected to increase in cancer cells that have a high turnover rate. However, how autophagy confers EPI resistance remains poorly understood. Our results suggest that autophagy induces EPI resistance at least in part by blocking pro-apoptotic NF-jB signal in EPI-R cells. We show that enhanced autophagy is associated with reductions in caspase 3 cleavage, P65 phosphorylation and the BAX-to-BCL2 ratio (Fig. 5) . Furthermore, the suppression of autophagy by either gene knockdown or a specific inhibitor significantly increased NF-jB signal (Fig. 5) . The rate of apoptosis was significantly increased for CQ treated EPI-R cells and this increase was blocked by PDTC (Fig. 6a) . Together, these results demonstrate that autophagy induces EPI resistance by blocking the pro-apoptotic NF-jB pathway, which has been shown to be constitutively activated in ER-negative breast cancer cells [36] . The putative interactions among the P-gp transporter, autophagy and the NF-jB pathway are schematically illustrated in Fig. 7 . Consistent with this paradigm, autophagy is reported to be involved in several NF-jB regulated cellular functions, including cell survival, differentiation, senescence, inflammation and immunity [37] . This paradigm is also supported by early studies conducted on MDA cells [38, 39] , but differs from the reported anti-apoptotic activity of the NF-jB pathway [40] .
In conclusion, we have shown that enhanced autophagy causes MDA cells to become resistant to EPI. This enhancement is propagated by the up-regulation of ATPbinding cassette transporters and leads to the down-regulation of the NF-jB pathway. Autophagy inactivates the NF-jB signal pathway, thereby reducing the rate of apoptosis to increase EPI resistance. These results suggest that blocking P-gp overexpression and autophagy may synergistically sensitize TNBC to EPI and other anthracyclines.
